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Abstract
We consider the data of the Daya Bay experiment to constrain the parameter space of models where sterile neutrinos
can propagate in a large compactiﬁed extra dimension (LED) and models where non-standard interactions aﬀect
the neutrino production and detection (NSI). I will show that compactiﬁcation radius R in LED scenarios can be
constrained at the level of 0.57 μm for normal ordering and of 0.19 μm for inverted ordering, at 2σ conﬁdence level.
For the NSI model, reactor data put a strong upper bound on the parameter εee at the level of 10−3, whereas the main
eﬀect of εeμ and εeτ is a worsening of the determination of θ13.
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After the recent measure of the reactor angle by T2K
[1], Daya Bay [2] and Reno [3] experiments, the stan-
dard picture of neutrino oscillation seems now to be
very well established.
Beyond this standard picture, the possibility that new
physics can aﬀect neutrino oscillation is not excluded
and, although expected to be small, deserve a closer
look. A popular interesting model of new physics is the
one where sterile neutrinos can propagate, as well as
gravity, in large δ compactiﬁed extra dimensions (LED)
[4] whereas the Standard Model (SM) left-handed neu-
trinos are conﬁned to a four-dimensional spacetime
brane [5, 6, 7]. Experiments based on the torsion pen-
dulum instrument set an upper limit on the largest com-
pactiﬁcation radius R < 37μm for δ = 2 at 95% CL [8]
(much stronger bounds can be set by astrophysics [9]
but they are not completely model independent). Since
scenarios with only one extra dimensions have been al-
ready ruled-out [8], we assume to work with an eﬀec-
tive 5-dimensional theory in which only the radius R of
the largest new dimension is the relevant parameter for
neutrino oscillation. Under these assumptions, the tran-
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sition amplitude νe → νe in vacuum is given by [7]:
Aee(L) =
3∑
i=1
∞∑
n=0
UeiU∗ei
[
U0ni
]2
exp
⎛⎜⎜⎜⎜⎜⎝i
λ(n)2i L
2EνR2
⎞⎟⎟⎟⎟⎟⎠ , (1)
where Uei is the ﬁrst row of the UPMNS matrix, λ
(n)
i are
the eigenvalues of the neutrino mass matrix given by
λ(n)i  ξi/
√
2 for n = 0 and λi  n + ξ2i /(2n) for n ≥ 1,
with ξi ≡
√
2miR (mi = absolute neutrino masses) and
U0ni are the elements of the matrix describing the tran-
sition between the zero mode and the n-th Kaluza-Klein
states [7],
(
U0ni
)2  ξ2i /n2. For the normal ordering
(NO) we assume m3 > m2 > m1 = m0 and the related
amplitude reads ANOee (L) ∼ ξ21 U2e1 + ξ22 U2e2 + ξ23 U2e3, thus
suppressed by the small reactor angle. For the inverted
ordering (IO) m2 > m1 > m3 = m0 and the amplitude
AIOee (L) ∼ ξ21 U2e1 + ξ22 U2e2 does not suﬀer of such a sup-
pression. We then expect the IO scenario to give better
constraints on R and m0 than the NO case.
The other new physics scenario analysed here is the one
related to non-standard neutrino interactions (NSI) [10],
in which new physics eﬀects can appear at low energy
in terms of unknown couplings εαβ, generated after in-
tegrating out new degrees of freedom with very large
mass scales. In reactor experiments the new couplings
can aﬀect neutrino production (”s”) and detection (”d”)
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[11], so the neutrino states are a superposition of pure
orthonormal ﬂavor eigenstates [12, 13] according to:
|νse〉 =
[
(1 + εs)|ν〉
]
e
and 〈νde | =
[
〈ν|(1 + εd)
]
e
, with εs
and εd generic non-unitary transformations. Since the
parameters εseα and ε
d
αe receive contributions from the
same higher dimensional operators [14], one can con-
strain them by the relation εseα = ε
d∗
αe ≡ εeαei φeα , being
εeα the modulus and φeα the argument of εseα. The oscil-
lation probability Pee ≡ P(νe → νe) up to O(ε) can be
obtained by squaring the amplitude 〈νde |e−iHL|νse〉:
Pee = 1 − sin2 2θ13 sin2 Δ + 4εee cos φee (2)
−4εeμ sin 2θ13 sin θ23 cos 2θ13 cos(δ − φeμ) sin2 Δ
−4εeτ sin 2θ13 cos θ23 cos 2θ13 cos(δ − φeτ) sin2 Δ ,
where Δ ≡
[
Δm231 L
4Eν
]
, with L being the source-to-detector
distance, Eν the neutrino energy and Δm231 = m
2
3 − m21.
The ”zero-distance” term in the ﬁrst line of Eq. (2) is
driven by εee and gives a non vanishing contribution
even in the limit of very small L/Eν. On the other hand,
εeμ and εeτ appear with only slightly diﬀerent coeﬃ-
cients but exhibit a strong correlation with the reactor
angle which may worsen the extraction of θ13 and Δm231
from the data [15, 16]. A model-independent analy-
sis [17] has shown that all bounds on production and
detection NSI’s are at the level of 10−2: εee < 0.041,
εeμ < 0.025 and εeτ < 0.041, whereas for the CP violat-
ing phases no constraints are known.
In this talk I make use of the recent ν¯e → ν¯e disap-
pearance data (217 days of data taking [18]) of the Daya
Bay experiment to constrain the parameter space of NSI
and LED scenarios. The main results are that neutrino
oscillation data can provide strong upper bounds on εee
at the level of O(10−3), whereas for R the exclusion lim-
its are between 1 and 2 order of magnitudes below the
limits quoted in [8].
The Daya Bay experimental setup we take into ac-
count [2] consists of six antineutrino detectors (ADs)
and six reactors, D1, D2, L1, L2, L3, L4. The antineu-
trino spectra emitted by the nuclear reactors have been
recently estimated in [19, 20]. Details of the simula-
tion, performed with a modiﬁed version of the GLoBES
software [21], can be found in [22]. In order to per-
form a proper statistical treatment of correlations and
degeneracy, we construct an adequate deﬁnition of the
χ2 function [2]:
χ2(θ,Δm2, S , αr, εd, ηd) =
6∑
d=1
36∑
i=1
[
Mdi − Tdi ·
(
1 +
∑
r ω
d
rαr + εd
)
+ ηd
]2
Mdi + B
d
i
+
∑
r
α2r
σ2r
+
6∑
d=1
⎡⎢⎢⎢⎢⎢⎣
ε2d
σ2d
+
η2d
σ2Bd
⎤⎥⎥⎥⎥⎥⎦ + Priors . (3)
In the previous formula, S is a vector containing the new
physics parameters, Mdi are the measured IBD events
of the d-th detector ADs in the i-th bin, Bdi the corre-
sponding background and Tdi = Ti(θ,Δm
2, S ) are the
theoretical prediction for the rates. The parameter ωdr
is the fraction of IBD contribution of the r-th reactor to
the d-th detector AD. The parameter σd is the uncorre-
lated detection uncertainty (σd = 0.2%) and σBd is the
background uncertainty of the d-th detector obtained us-
ing the information given in [18]: σB1 = σB2 = 8.21,
σB3 = 5.95, σB4 = σB5 = σB6 = 1.15. Eventually,
σr = 0.8% is the correlated reactor uncertainties. The
corresponding pull parameters are (εd, ηd, αr). When
studying LED in the plane (R,m0) and NSI in the plane
(εαβ, φαβ), we do not impose any constraints of θ13 and
we set the uncertainty on Δm231 at values larger than the
current determination: Δm231 = (2.35±10%)×10−3 eV2 .
For the atmospheric angle and the solar parameters,
coupled to the new physics parameters both in LED and
NSI scenarios, we need to impose external constraints
[23]: sin2 θ23 = 0.425 ± 0.029 for NO and sin2 θ23 =
0.437 ± 0.173 for IO, Δm221 = (7.54 ± 0.26) × 10−5 eV2
and sin2 θ12 = 0.308 ± 0.017. Whenever necessary, the
standard CP violating phase δ will be considered as a
free parameter.
The results in the standard [sin2 2θ13,Δm231]-plane, in-
stead, are obtained marginalizing also over R and m0 for
LED and over ε and φ for NSI.
We ﬁrst consider the bounds on the size of the large
extra dimension R and on the lightest neutrino mass, in
the [R,m0]-plane. Our results are shown in left panel of
Fig. 1, where we displayed the 1, 2 and 3σ CL regions.
Solid lines refer to the NO whereas the dashed ones re-
fer to the IO. The horizontal dashed line represents the
future upper limit on m0 from the β-decay experiment
KATRIN [24].
Since the standard oscillation physics already gives a
good ﬁt to the data, small values of R and m0 are ob-
viously allowed; the correlation existing among these
parameters, however, is quite strong and excludes large
values of R and m0. Bounds on the compactiﬁcation
radius can be set as: R < 0.36 (0.16) at 1σ, R <
0.57 (0.19) at 2σ and R < None (0.23) at 3σ for NO
(IO). The best ﬁt points (a circle for NO and a square for
IO in Fig. 1) and the related χ2min/dof have the follow-
ing values: R[μm] = 0.04 (0.032), m0[eV] = 0.16 (0.20)
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Figure 1: Left panel: allowed regions for NO and IO LED model in the [log10(R), log10(m0)]-plane at 1σ, 2σ and 3σ CL. The best ﬁt points for
both hierarchies are indicated with a circle (NO) and a square (IO). Right panel: 3σ CL in the [sin2(2θ13),Δm231]-plane. The best ﬁt points are
indicated with a circle (LED NO), a square (LED IO) and a triangle (SM). The dashed vertical line represents the value of the θ13 quoted by the
Daya Bay collaboration [18].
with χ2min/dof = 45/106 (45/106), where the numbers
in parenthesis refer to the IO.
Notice that the new physics parameters introduce some
bias in the simultaneous extraction of θ13 and Δm231. In
the right panel of Fig. 1 we show the 3σ CL allowed re-
gion in the [sin2(2θ13),Δm231]-plane for NO (solid line),
IO (dotted line), and the standard model (dot-dashed
line) results. We can appreciate an increase of the al-
lowed θ13 and Δm231 3σ CL regions, at the level of 25%
toward smaller reactor angles and 5% to larger masses.
In Tab. 1 we summarise the obtained results (best ﬁt val-
ues and 1σ errors, value of the χ2min/dof) for the three
scenarios shown in Fig. 1.
Parameter SM LED NO LED IO
sin2 2θ13 0.085+0.015−0.016 0.082
+0.021
−0.022 0.078
+0.018
−0.018
Δm231 [eV
2] 2.69+0.27−0.24 2.69
+0.30
−0.25 2.60
+0.24
−0.20
χ2min/dof 43/106 43/106 42/106
Table 1: Best ﬁt points and 1σ errors for sin2 2θ13, Δm231 and the value
of χ2min/dof. Results are for the SM, the LED NO and LED IO cases.
For the NSI investigation, the study of the allowed
regions in the [εee, φee]-plane is performed marginaliz-
ing over all the parameters, including εeμ, εeτ and their
phases. The result of such a procedure is presented in
the left panel of Fig. 2, where the 1, 2 and 3σ CL have
been displayed, together with the obtained best ﬁt point
(circle). The vertical dashed line is at εee = 0.041. Up-
per bounds on εee can be set of the order εee  3 · 10−3
for φee ∼ 0, 2π, and εee  5 · 10−3 for φee ∼ π; in both
cases, the Daya Bay data signiﬁcantly lower the exist-
ing upper limit on εee. The best ﬁt point is: εee = 0.001,
φee = 2.5, with χ2min/dof = 45/106. We have checked
that, contrary to what described above, the correlation
among θ13 and εeμ, εeτ does not allow to set any inter-
esting bounds on them.
As for the LED case, we are interested in estimating
the determination of the reactor angle θ13 and the mass
diﬀerence Δm231 in presence of NSI. We study two dif-
ferent cases, both illustrated in the right panel of Fig. 2;
in the case NSI-I (solid line), we set εeμ = εeτ = 0
and marginalize over εee and φee. We see that the eﬀect
is a variation in the determination of sin2 2θ13 of some
∼ 30%, and of the mass diﬀerence around ∼ 5%.
In the case NSI-II (dotted line), we also leave εeμ and
εeτ and the related CP phases as free parameters; the
impact on the determination of θ13 is really large: be-
side a drift of the best ﬁt point toward larger values,
the allowed 3σ interval covers a broader 3σ range,
0.013  sin2(2θ13)  0.22 at 3σ. The obtained best ﬁt
points and the 1σ errors for NSI-I and NSI-II are sum-
marised in Tab. 2.
Parameter SM NSI-I NSI-II
sin2 2θ13 0.085+0.015−0.016 0.084
+0.022
−0.021 0.119
+0.08
−0.09
Δm231 [eV
2] 2.69+0.27−0.24 2.62
+0.30
−0.22 2.65
+0.27
−0.25
χ2min/dof 43/106 43/106 43/106
Table 2: Best ﬁt points and 1σ errors for sin2 2θ13, Δm231 and the value
of χ2min/dof. Results are for the SM, the NSI-I and NSI-II cases.
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Figure 2: Left panel: excluded regions in the [εee, φee]-plane at 1, 2 and 3σ CL. The vertical line corresponds to ε = 0.041. Circles are the obtained
best ﬁt points. Right Panel: 3σ CL in the [sin2(2θ13),Δm231]-plane for the SM (dot-dashed), for εeμ = εeτ = 0 (NSI-I solid) and for free parameters
(NSI-II dotted). The best ﬁt points are indicated with a circle (NSI-I), a square (NSI-II) and a triangle (SM).
In summary, the most recent data of the Daya Bay
experiment allow to set strong upper bounds on the new
physics parameters involved in LED and NSI scenarios.
For the compactiﬁcation radius R, the limits at 2σ are
R < 0.19 μm for IO and R < 0.57 μm for NO, much
stringent that the current limits from torsion pendulum
experiments. For the NSI case, a special role is played
by the εee parameter since it is not correlated to θ13. The
experimental data set a strong upper bound of O(10−3)
at 3σ. On the other hand, εeμ and εeτ suﬀer from a
strong correlation to θ13 and, therefore, no signiﬁcant
sensitivity has been found. However, they play a major
role in the determination of θ13 and Δm231; our analysis
shows that, even assuming εee = 0, the allowed regions
for θ13 are much larger than the SM ones; in addition,
the best ﬁt value for θ13 is driven to values larger by
roughly 40%. On the other hand, the determination of
the squared mass diﬀerence Δm231 is less aﬀected by this
type of new physics and the ﬁt procedures return values
very similar to the SM case.
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